The traditional sugar production associated with the growing production of ethanol combustible made of the sugarcane industry to be one of the most important segments of Brazilian economy. Brazilian industries of sugar and ethanol processed about 630 million tons of sugarcane in 2010, which generated approximately 142 million tons of bagasse. A novel technique to produce nanomaterials using the gases generated during the pyrolysis of sugarcane bagasse was developed. In this work, the microstructural characterization of such nanomaterials is presented by using Scanning Electron Microscopy and Transmission Electron Microscopy. Results showed that the nanomaterials were in the form of long, straight, tubular structures with smooth walls and axially-uniform diameters, which is characteristic of carbon nanotubes. Typical lengths were in the order of 50 m and diameters were in the range of 20 nm to 50 nm. Therefore, sugarcane bagasse may be pyrolyzed to generate bio-syngas for power generation while, at the same time, produce addedvalue byproducts, such as carbon nanotubes.
Introduction
The interest in ethanol has increased considerably worldwide due to the necessity of nding renewable and cleaner energy resources [1] . According to the Renewable Fuels Association (RFA), the world ethanol production in 2008 was approximately 65.7 billion liters (17.3 billion gallons), which represented a 24% increase in the production over that of the previous year [2] . The major producers of ethanol are the USA and Brazil, which together account for 90% of world production. The main feedstock for ethanol in USA is corn grain, whereas sugarcane predominates in Brazil [1, 3] . Fermentation is the main process in the ethanol production from sugarcane. During the fermentation process of sugar or sugar-based ethanol production, a solid residue is generated in the form of a dried pulp known as sugarcane bagasse. Approximately 225 kg of this waste is generated for each 1,000 kg of sugarcane inserted in the process [4] . According to the CONAB (National Supply Company of Brazilian Government), the forecast of Brazilian ethanol production for year 2009/2010 is 28 billion liters, which will demand about 350 million tons of sugarcane and will generate approximately 79 million tons of bagasse. The numbers of generated bagasse are even greater when the sugarcane used to produce sugar is also considered: together, the Brazilian industries of sugar and ethanol processed about 630 million tons of sugarcane in 2010, which generated approximately 142 million tons of bagasse [5] . Sugarcane bagasse may be burned to produce energy and steam that may be either used within the ethanol plant or exported for a district heating system, therefore reducing the demand of fossil fuels [1, 4] . The sugarcane bagasse has energy content of 17 MJ/kg; thus considering that the total production of this waste in 2010 amounted to 142 Mt, hypothetically about 2400 GJ could be generated [6] . The Brazilian ethanol plants are self energy, and in some cases is possible to commercialize surplus electricity due to a cogeneration system installed in the mill, which uses just the bagasse as energy source [7] . A novel technique to produce carbon nanomaterials (CNMs) using the gases generated during the pyrolysis of several wastes (bagasse, corn-derived DDGS, plastics, tires) was established in the Combustion and Air Pollution Laboratory of Northeastern University (Boston, USA) [8] [9] [10] [11] . In this paper were investigated the catalyst substrates formed with the pyrolysis gases from sugarcane bagasse in order to determine whether nanomaterials were formed, and also to analyze the form and dimensions of such materials.
Nanotechnology segment was responsible for a consumer market of about US$11 trillion in 2010, wherein US$340 billion corresponded just to nanomaterials. These materials consist of structures with at least one dimension in the order of nanometers (1×10 9 m), and have a wide range of potential applications due to their extraordinary mechanical, thermal and electrical properties [12, 13] . In the year 2011, the global production of CNMs was around 3,500 tons, and it is projected to expand at a compound annual growth rate of 30.6%. Expanding markets for applications of CNMs, such as nanotubes and nano bers, place ever-increasing demands on lowering their production costs [8] . To reduce nanomaterials cost, it is instrumental reduce the expenses associated with the procurement of raw-materials. By using sugarcane bagasse as feedstock for CNMs growth, the cost of raw-material can be minimized.
Methods
The feedstock used in this study was sugarcane bagasse provided by a Brazilian ethanol producing company. This material was received in ber form (Fig. 1) and was pulverized to particle sizes smaller than 500 m using a household blender. Table 1 lists the chemical properties of the bagasse materials determined by X-ray Fluorescence Spectroscopy and Elemental Analysis (CHN); the carbon account corresponds to approximately half of the mass. A ceramic boat was used to insert the bagasse in the furnace; amounts of 4.0 g were used in each experiment.
The laboratory furnace consists of a two-section quartz laminar-ow, electrically heated, muf e furnace. The rst section of the apparatus is the pyrolyzer (37 mm ID x 870 mm) and the second section is the catalyzer (37 mm ID x 380 mm long), which is connected to the gas analyzers. Both sections have an independent heating capacity up to 1,100ºC. A design of the furnace is depicted in Fig. 2 .
The samples were inserted into the rst section of the furnace with N 2 gas serving as carrying gas at a ow rate of 3 L/min, ensuring the absence of air. Therefore, pyrolytic conditions prevailed in the furnace. Several temperatures were tested in the rst section of the furnace, in order to decide the best pyrolysis conditions. Thereby, a range of 600°C-1,000°C was established. Sugarcane bagasse pyrolysis-generated gases that ow directly to the second section of the apparatus, which consists of a temperature-controlled furnace preheated to 1,000°C, wherein the catalyst activation occurs. In order to prevent pyrolysis-generated particulate matter from entering the synthesis chamber and contaminate the catalyst, a barrier lter was placed after the division of the two sections of the apparatus. This lter has a honeycomb structure of silicon carbide (SiC) and performs with a high ltration ef ciency, achieving up to 97% retention for submicron particles [14] . The catalyst system consisted of a mesh screen made of stainless steel AISI 304, which has chemical components according to the ASTM E2016 speci cation: Cr (18%-20%), Ni (8%-10,5%), Mn ( 2%), Si ( 1%), N ( 0,1%), C ( 0,08%), P ( 0,05%), S ( 0,03%), and Fe (balance) [15] . The stainless steel screen was used as-received, without pretreatment; pieces of 300 x 100 mm were rolled in cylinders of about 40-mm of diameter and were inserted along the direction of the gas ow in the second section of the furnace.
The pyrolysis process of sugarcane bagasse generated several light hydrocarbon species, which the most prominent are methane, acetylene, benzene, and ethylene [16] . These hydrocarbons can be used as important carbon donors in the production of CNMs using the catalytic chemical vapor deposition method (CCVD) [10] . The process used in this work consisted of thermal dehydrogenation reactions, whereby the transition metal catalyst (stainless steel) was used to crack the hydrocarbon gases into C solid and H 2 . Thereafter, diffusion of carbon into the metal particles takes place until the solution becomes saturated. The super saturation of the solution results in precipitation of solid carbon particles in the metal surface.
Morphological analysis of the formed carbon particles was performed using Scanning Electronic Microscopy (SEM) and Transmission Electron Microscopy (TEM). Random pieces of the mesh were removed and were placed directly on the SEM imaging stage. SEM analyses were conducted on a Hitachi 4800 instrument, at 3 kV voltage and a workingdistance of 8.2 mm. For TEM samples, the meshes were sonicated in a 100% ethanol solution and the products were analyzed in a low-magni cation TEM instrument (model Fig. 3 shows the SEM images of synthesized materials from sugarcane bagasse, wherein the images a, b, and c were obtained with pyrolysis temperatures of 600°C and images d, e, and f with pyrolysis temperatures of 1,000°C.
Results and Discussion
SEM images of the nanomaterials synthesized from sugarcane bagasse (Figs. 3a and 3d) show the catalyst meshes in the background and arrays of cylindrical nanomaterials covering the surface. The lengths of these nanocylinders were in the order of 50 m. Experiments at pyrolysis temperatures of 1,000°C produced a smaller population of nanomaterials. Figs. 3b and 3e, taken at higher magni cations, illustrate that the nanomaterials are in form of long bers; whereas Figs. 3c and 3f, taken at even higher magnications, show that the bers have diameters in the range of 20 nm to 50 nm. Nanomaterials produced with pyrolysis temperature of 1,000°C showed less entangled and possess straighter shapes.
Transmission Electron Microscopy was used for detailed structural analysis of the nanomaterials. TEM images, with different magni cation, of the materials produced from pyrolyzis of sugarcane bagasse are shown in Fig. 4 . Again, each image (Figs. 4a, 4b, and 4c) corresponds to the waste biomass pyrolysis at 600°C, whereas Figs. 4d, 4e, and 4f correspond to the pyrolysis at 1,000°C. TEM images show that the produced materials have a tubular form, which is characteristic of carbon nanotubes (CNTs). CNTs were discovered by Iijima in 1991, and consist of coaxial tubular graphene sheets, with lengths in the order of micrometers and diameters in the order of nanometers [17] . These materials have several possibilities of technological applications due to their exceptional properties [18] . CNTs are classi ed as single-walled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). The SWCNTs consist of a single graphene sheet rolled to form a cylindrical tube, and MWNTs are formed by a set of concentric single wall nanotubes [19] . Images obtained using the high-resolution TEM (Figures 4c  and 4f ) indicate the presence of parallel graphene layers around the hollow cavity, which showed that carbon nanotubes produced in this study have multiple walls, i.e., they are classi ed as MWCNTs.
Tessonnier et al. [20] investigated the structural properties of several types of currently marketed carbon nanotubes. Among the CNTs analyzed by Tessonnier et al., two showed structural characteristics similar to the presented in this work, which used sugarcane bagasse as feedstock. The commercial nanotubes that presented similar characteristics were NC 3100 from the Belgian company Nanocyl SA and Baytubes of the German company Bayer MaterialScience AG, which are two of the world's largest producers of nanomaterials. Therefore, multi-walled carbon nanotubes were successfully generated by pyrolysis of sugarcane bagasse.
Conclusions
Part of the carbon content of gases generated from pyrolysis of sugarcane bagasse was catalytically converted into solid particles on the stainless steel meshes. The microstructural characterization of these particles showed the formation of nanomaterials with the characteristics enumerated as follow: materials showed long and straight forms. Typical lengths • were in the order of 50 m and diameters were in the range of 20 nm-50 nm; structures presented tubular aspect with smooth walls • and axially-uniform diameters; the nanotubes showed parallel graphene layers around • the hollow cavity, which indicate that they are multi-wall carbon nanotubes; a more uniform nanomaterial product was obtained with • the higher pyrolysis temperature (1,000°C).
